ABSTRACT With the increasing demands for liquefied natural gas (LNG), more and more LNG terminals are being constructed, and the risk of leakage during LNG off-loading processes has been given increasing amounts of attention. In the case of leakage accident during unloading, the control system is still running when the emergency stop condition is not reached. The adjustment of the control system to unloading parameters will affect the size of the leakage amount. However, the consequences of hazardous material leakage accidents predicted by correlation models depend on the amount of leakage. For precisely calculating the leakage amount and analyzing the leakage consequence, an HYSYS model and a flame acceleration simulator (FLACS) model were presented. This paper consists of two main parts: 1) an HYSYS model to calculate the spill flow rate according to various operating conditions that are with and without basic process control system (BPCS) intervention and 2) a FLACS model that estimates the consequences of vapor explosions and pool fires. This paper presents the conventional estimation method and compares it with a new method that estimates the risk according to spill flow rate, meteorological conditions, and substrate type (solid or grated) on pool spreading and vapor cloud dispersion. Using six scenarios, simulations are used to demonstrate that the HYSYS-FLACS model calculates the equivalent stoichiometric clouds (Q9) and pooling areas as being much larger than those calculated by the conventional model. During an emergency, the HYSYS-FLACS model can be used to estimate the consequences of an unplanned LNG release.
I. INTRODUCTION AND MOTIVATION
Due to having lower CO 2 emissions than most other fossil fuels when combusted, liquefied natural gas (LNG) has become an increasingly popular energy source. Many countries have listed LNG as a preferred fuel, and the proportion of natural gas in energy supplies has increased rapidly. Liquefied natural gas production has grown at about 12% per year, and is one of the fastest-growing energy industries in the world [1] . The growing demand for LNG implies a need for large-scale product transportation between production areas and consumer countries, which requires increasing numbers
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of LNG terminals and LNG carrier loading and offloading operations [2] . At LNG terminals, the nominal unloading rate from LNG carriers to tanks is 10,000-12,000 m 3 /h. The unloading time usually takes 12 hours, during which time there are risks of LNG spills from unloading arms or transportation pipes, which can cause fires, vapor cloud explosions, cryogenic hazards and asphyxiation [3] . So, with more LNG terminals being built, the risks of LNG leakage during offloading processes have gained increasing attention. Usually, evaluating the consequences of LNG leakage, the amount of leakage is calculated by empirical formula on the basis of initial pressure of the pipeline at the time of leakage, and then the safety countermeasures are formulated according to the calculated results. But in reality, many spills arise in process operations, the process control system is still running if the emergency stop condition is not reached. When the pressure or flow rate in the pipeline decreases, BPCS will automatically adjust the operation parameters according to the set value, which means the pressure in the pipeline will change. In such cases, spill rates calculated by an empirical formula may be unrealistic. Could differences between actual and estimated spill rates lead to large differences in consequences? To make the assessment of the consequences of process leakage more accurate, this paper will address this problem.
II. LITERATURE REVIEW
For process leakage, Jo [4] proposed a simplified model for calculating the dynamic leakage rate and leakage time according to the energy and mass conservation equations as the upstream and downstream partition valves were closed. Giacchetta [5] acquired data of two-phase flow through an orifice by OLGA simulator and experiments. A new flow coefficient model was proposed to calculate two-phase flow through an orifice. Kanes [6] considered tank leakage involving single phase or multiphase flow, critical or subcritical state. To evaluate the potential hazards and accurately predict the flow rate and physical properties of fluids, he used rigorous thermodynamic derivation (program simulator) to estimate the flow regime in tank and tracked flow characteristics of the leak procedures. Chang [7] proposed a leak rate estimation method for thin tubes and developed engineering equations to calculate crack width from the three-dimensional elastic-plastic finite element analysis, and puts forward a simplified practical equation based on test data to obtain a practical method for predicting the leakage rate. Heidaryan [8] described a new explicit method for calculating compression factor Z and natural gas viscosity. In the paper, the correlation coefficients were compared with experimental data, the results showed that the calculation model was simpler and more effective than the previous implicit model, and had more advantages than implicit model. The literatures above focused on the leakage process without BPCS intervention, which wasn't accordance with the reality and may leads to a wrong estimate.
On the other hand, many methods have been applied to perform quantitative risk assessment of LNG spillage. CREAM and Monte Carlo simulation were incorporated into fault tree analysis (FTA) by Zhou et al. [9] to assess the risk of LNG carrier operations. A historical survey of accidents and applied traditional consequence models was conducted by Martins et al. [10] to estimate the risks of loading and offloading LNG on FSRUs (Floating Storage and Regasification Units). Computational fluid dynamics (CFD) models have been used to simulate the dispersion of spilled LNG, using software such as FLACS, FLUENT, and FDS. Such CFD models are the most fundamental approach to the modeling of LNG dispersion, as they allow real geometries to be simulated with terrain effects, obstructions and transitions. Parihar [3] used computational fluid dynamics tools to perform LNG consequence analysis for a deep-water port facility. Das [11] proposed a method to improve the estimation of flammable mass in offshore modules for vapor cloud explosions, and verified the results using CFD tools.
In short, most previous studies and computer simulations on the consequences of LNG spills have been based on a series of fire or explosion tests. This ensures that the simulation results are credible for assumed leak scenarios and leak rates, in this case the spill rates are usually calculated according to empirical formulas which do not take operation conditions into account. In reality, many spills arise in process operations, in the case of leakage accidents, process control systems act to adjust system parameters. In such cases, spill rates calculated by an empirical formula may be unrealistic. Could differences between actual and estimated spill rates lead to large differences in consequences? Looking at the existing literature, few studies have analyzed LNG pool spreading and vapor explosions while considering the action of process control systems on LNG spill rates. Therefore, in order to quantify the consequences of LNG vapor explosions and pool spreading on process conditions, a new approach has been developed in this paper. The modeling approach consists of 1) a steady-state model created by process simulation tool Aspen HYSYS to simulate the pressure and spill flow rates of normal operations during LNG offloading, and 2) a dynamic model, also created in HYSYS, to simulate the effect of BPCS on spill flow rate. This is coupled with a computational fluid dynamics models (FLACS) to perform leakage consequence calculations. The CFD model takes into account the spill flow rate, ambient conditions (wind speed and atmospheric stability), and substrate shape.
III. PHYSICAL SCENARIO
During LNG offloading, BPCS and ESD ensured the process steady running, just presented as Fig. 1 .There was a leakage accident occurred at an LNG terminal in Shandong of China, the accident investigation results showed that pressure drop amplitude of pipe did not meet the trigger point of ESD, valve had no immediate action automatically, but BPCS detected pipe pressure dropping, it increased valve opening, leading to a larger leakage. Although the leakage was detected in time by the manual inspection and the ESD valve was manually shut off, the accident indicates that the BPCS system may have a significant impact on the leakage rate and the leakage consequences, especially under the condition of small size leakage.
The scenario used in this study is that of an LNG spill from a pipe used in an offloading process at an LNG-receiving terminal. Five unloading arms and a 2000 m-long transfer lines are used to deliver liquid from a docked LNG carrier to storage tanks and return displaced vapor to the carrier's tanks to avoid creating a vacuum. There are three storage tanks on land, each with a maximum capacity of 160,000 m 3 . The unloading arms and a part of transfer lines are centered on a three-floor platform. The leakage point is located on the transfer line on the second floor, which is 20 m from the LNG carrier. Leakage point sizes were defined as 5 mm, 50 mm, and 100 mm, representing small, medium, and large holes, respectively. The simulated spill was of 150 s duration. A diagram of a pier-based operation platform are given in Fig. 2 .
IV. CONSEQUENCE ANALYSIS
The consequence analysis method used in the simulated LNG offloading spill scenario consists of two steps:
(1) According to the process flow diagram and operational data, steady-state and dynamic models are created with HYSYS to estimate the LNG spill rate during the offloading operation.
(2) The spill rates estimated by the two models are input into a validated CFD model to perform vapor explosion and pool spread calculations.
A. HYSYS MODELING (STEADY-STATE AND DYNAMIC MODELING)
Usually, in evaluating the spill rate of a liquid discharged from a pipeline, Equation (1) is used to calculate the liquid's leakage momentum.
where ρ is the density of liquid in the pipework (kg/m 3 ), P g is the gauge pressure (Pa), A is the hole area (m 2 ) and C 0 is the discharge coefficient (dimensionless).
During the processes of unloading or transporting LNG, basic process control systems (BPCSs) are used to control pressure and flow rate within fixed operating ranges. If a leak occurs, the BPCS automatically adjusts the pressure and flow rate to be within the normal range. This pressurecompensation action of the BPCS affects the spill flow rate, which will then vary from the value calculated by Equation (1) . Estimating the amount of LNG leakage is important for emergency plans, and also determines the scale of potential pool fire and vapor explosion accidents.
For the purposes of calculating exact spill flow rates during LNG offloading, steady-state and dynamic models were created in HYSYS according to a process flow diagram. In the steady-state model, a FIC-100 valve controller was created to control the leakage start and end. The steadystate model (Fig. 3) represents the process of LNG offloading without a control system, and Fig. 4 represents the dynamics model, showing the offloading process running with a control system.
Unlike the steady-state model, PIC controllers were added to simulate the variables in real time, they adjusted the pressure of pipeline by controlling valve opening and implemented one of functions of BPCS. In the models, the PengRobinson equation of state [12] was selected for Property packages, because the equation can carry out accurate phase equilibrium calculations for cryogenic and reservoir systems under high pressure.
The Peng-Robinson equation is
Equation (2) can be rewritten as:
where whereP is pressure (Pa), R is the gas constant (dimensionless), T is the absolute temperature (K ), υis the molar volume (m 3 ·mol −1 ), ais the attraction parameter (K 2 ·Pa −1 ), and b is the van der Waals volume (m 3 ·mol −1 ). The HYSYS models main LNG status parameters at the process node are presented in Table 1 .
In the steady-state and dynamic models, the spill occurred at 300 s and continued for 150 s through leakage holes 5 mm, 50 mm and 100 mm in diameter. Fig. 5 and Fig. 6 depict the changes in pressure and spill flow rate for the different scales of leak, with and without BPCS intervention. The graphs show that the pressure dropped from 544.9 kPa to 469.4 kPa for the 50 mm leak without BPCS, but only dropped to 480.2 kPa with BPCS. The pressure compensation action of BPCS affected the spill flow rate, which increased by 9.8% and 18.8% for 50 mm and 100 mm leaks, respectively. From  Fig. 5 , it can be observed that the pressure in the tube did not change much for the 5 mm leak (only dropping 0.25%). The results are listed in Table 2 , which provides the data for the pool spread and vapor explosion estimates.
B. LNG POOL SPREAD AND VAPOR EXPLOSION RISK ASSESSMENT MODELING
The CFD software (FLACS) was selected for modeling LNG pool spread and the risk of vapor explosion. It considered various spill flow rates and meteorological and ventilation conditions. In FLACS, the spreading of an LNG pool on a solid surface or on water was described by shallow-water equations (SWEs) in two dimensions. The SWE model has been validated to represent pool spreading with and without obstacles under adiabatic conditions [13] and [14] .
The motion of pool spreading is governed by heat transfer and momentum. Heat transfer determines the vaporization rate and thus affects the geometry and motion of pool spreading [15] . The spill height was solved by the following equation:
and the momentum equation is:
where h is the spill height (m), u i is the mean velocity (m/s), x is the length coordinate, (m),ṁ l is the mass leakage rate(kg/m 2 ·s),ṁ V is the mass evaporation rate(kg/m 2 ·s). The gravity termF g,i , F τ,i is the shear stress between the pool and the substrate, described as:
The parameter = 1for pools on a solid surface, where g is the gravitational acceleration (m/s 2 ), z is the elevation of the ground (m),f f is the friction factor. The transport equation is:
where θ is the specific enthalpy in the FLACS pool model(J/kg),θ L is the liquid enthalpy(J/kg), ρ l is the liquid density(kg/m 3 ), q c is convective heat transfer between the pool and air(J/m 2 ·s), q rad is the radiative heat transfer from the surroundings and the sun(J/m 2 ·s),q g is the heat transfer to the pool from the substrate(J/m 2 ·s),q evap is the heat loss due to evaporation (J/m 2 ·s).
As a cryogenic liquid, the dominant heat gained by LNG pools is conducted from the substrate. The heat of air convection and long-wave radiation that is transferred to LNG pools accounts, on average, for less than 5% of the total heat [16] . The heat transfer between the ground and the pool has two patterns: conductive heat transfer and convective heat transfer. The expressions are as follows:
1/3 (12) where q g,conv = 0.0133Re
where λ g is the thermal conductivity of the ground (W/m·K),T ∞ g is the ground temperature at an infinite position(K), α g is the thermal diffusivity of the ground(m 2 /s),T P is the temperature of the pool(K),t gw is the point time the ground was wetted(s),R eh is the Reynolds number, h is the heat transfer coefficient(Wm 2 /K),λ l is the conductivity of the pool liquid, P rl is the Prandtl number of the pool liquid.
Above expressions for calculating heat transfer are used for solid and rough ground. When spreading LNG onto the ground, which is initially at ambient temperature, vigorous boiling occurs due to the large temperature difference between the cryogenic liquid and the ground. At the LNG-ground interface, this boiling tends to limit heat transfer by generating vapor bubbles and vapor film. During the boiling process, there are three different heat transfer regimes: nucleate boiling, transitional boiling and film boiling. The nucleate boiling heat transfer regime is used for smooth surfaces such as water and metal.
The mass evaporated is determined by the energy balance of the pool and the heat of evaporation. Convective and boiling mass transfers are determined by the evaporation rate:
The mass evaporated is determined by q evap :
whereṁ c is the mass evaporation rate by convective heat transfer,ṁ boil is the mass evaporation rate by boiling heat transfer, h fg is the heat of evaporation(J/kg). For assessing LNG vapor explosion hazards, an explosion model using the Flame Acceleration Simulator (FLACS) is the best available approach. However, this approach requires considerable effort, time and cost, because there are thousands of potential release scenarios to study. To solve the problem, GexCon developed a parameter called the equivalence ratio factor (ERFAC) to judge the hazard from any given dispersed gas cloud. The ERFAC is described as Q5, Q8 and Q9.The Q9 method is a minor adjustment of Q5 method. According to the literature [17] , the Q9 method can be used for performing risk assessments for onshore oil and gas facilities. It can be used to simulate explosion loads representatively and conservatively. The Q8 method was applied to some typical scenarios, e.g., large gas clouds in fully enclosed rooms or congested spaces on offshore platforms.
Q9 is defined as:
where S is the laminar burning velocity for the actual concentration, and E is the volume of expansion of the actual mixture.
According to above discussion, to compare the vapor explosion risks and consequences for several release scenarios at the same facility, it is not essential to calculate overpressure distributions one-by-one. Instead, we can simply extract the Q9 volume to represent the hazard from dispersed ?ammable gas clouds. It is important to note that Q9 should be extracted at the same ignition location and at the same time during simulations.
C. COMPARISON OF VAPOR EXPLOSION CONSEQUENCES AND POOLING AREAS UNDER DIFFERENT RELEASE SCENARIOS
The LNG pool spreading and vapor explosion overpressure predicted by FLACS depends on the release rate and ventilation and meteorological conditions. Vapor explosion overpressure also depends on the congestion level of the facility. In this paper, congestion impacts on explosion consequences were not included, as we studied the effect of the release rate on pool spreading and vapor explosion under given conditions of wind speed, atmospheric stability and ventilation. The effect of ventilation on explosion consequences was investigated by using operation platforms with solid substrate or grate substrate.
To determine the compensation action of BPCS, six different cases were analyzed with different leakage scales.
Case (1) large effect on Q9. From (a) to (b), wind speed and atmospheric stability greatly affect the peak of Q9, especially for the larger spill sizes.
2) COMPARISON OF POOLING AREAS AND LNG EVAPORATION RATES
For a spill size of 50 mm, the pool area formed at a spill rate of 32.923 kg/s is similar to that formed at a spill rate of 36.157 kg/s on solid ground with calm wind. However, for the 100 mm spill size, the pool areas formed at the two spill rates have obvious differences (Fig. 8) . By comparing the computed data, it was observed that wind speed and atmospheric stability have little effect on the pooling areas, as Fig. 9 shows for the 100 mm spill. However, from Figs. 10 and 11, it can be observed that LNG released on grated ground can form larger pooling areas than on solid ground, especially for the large spill size (100 mm). The pooling areas formed on grated ground with calm wind conditions at spill rates of 64.567 kg/s and 76.726 kg/s are 801 m 2 and 946 m 2 , respectively. During the process of pool spreading, the grated ground has a greater effect for the medium spill than for the other sizes. The reason is that as the cryonic liquid spills on the ground, the contact area between the liquid and solid ground is larger than that with grated ground, such that the liquid gains more heat.
As Section IV-C-1) demonstrated, BPCS play a role in the spill rate. The deviation of spill rate is in direct proportion to the leakage size. If the vapor was ignited in the worst-case environment-low wind speed, stable atmosphere and congested space-there is a great difference in the consequences of a vapor explosion. For pool spreading, the larger spill rate can result in a larger pooling area. If the pool is ignited, there will be larger pool fire. The significance of the above analysis also lies in that mitigation measures are made to reduce risk. For example, if installing an LNG drain or trench under transfer lines, their dimensions should be designed in consideration of changes in the spill flow rate caused by pressure compensation.
V. CONCLUSIONS
1) BPCS affects the spill rate, but for small leakage sizes, the effect is negligible. For large leaks, the leaks lead to pressure of pipeline drop and the function of BPCS for pressure compensation can result more seriously leakage accident. The leak rate which considering the function of BPCS is larger than the leak rate calculated with a conventional formula. So the calculation of process leakage using HYSYS model is more accurate than the empirical formula.
2) As LNG is a cryonic liquid, the mass evaporated increases over time until the heat transfer in the LNG pool achieves a balance. For large leaks, the spill rate calculated by the proposed method indicates more serious vapor explosion consequences, which are revealed as Q9. Meteorological conditions play a major role in vapor dispersion. Wind speed and atmospheric stability increase turbulence, thus reducing Q9 compared with calm wind.
3) Different spill rates form different pooling areas. The ground conditions affect pool formation and the influence of wind speed and atmospheric stability on the formation of liquid pool is not obvious. For large spills occurring on the operation condition with BPCS, the size of pool on solid ground is markedly increased.
